REMARKS 



The Examiner is thanked for the Official Advisory Action of September 3 rd , 2004. 
Currently, claims 1-13 are pending and were rejected by the Examiner in the office 
action. The Applicant submits the following argument and response along with a 
declaration under 37 C.F.R. § 1 .132 to support his argument of patentability. This 
request for continued examination is intended to be fully responsive thereto and meets 
all requirement of a submission as set forth in MPEP 706.07(h). 

REJECTION UNDER 35 U.S.C. 102 (Hayashi et al.) 
Examiner's Rejection 

Claims 1-5 were rejected under 35 U.S.C. 102(b) as being anticipated by 
Hayashi et al. (JP8-287951). In the previous office action, the Examiner relied on the 
machine-translation of Hayashi et al. which allegedly teaches an electrode structure for 
an electrical component in which ions migrate between electrodes, e.g., a nonaqueous 
electrolyte secondary battery having an electrode active substance such as vanadium 
oxide coated with an ion-conducting polymer such as polyaniline. Further, Hayashi et al. 
is said to refer to the electrode active substance as "active material (2)" and the ion- 
conducting polymer as "active material (1)" and that the two active materials are mixed 
in solution and made to adhere to a current-collecting member, thereby obtaining "an 
electrode with a thickness of 45 micrometers". 

In response to the Applicant's argument that the polyaniline in Hayashi et al. 
relates to electric conductivity and does not relate to ion-conductivity while so cited A.G. 
MacDiarmid et al., Mol. Cryst. Liq. Cryst pp. 121 and 173, the Examiner suggested that 
the Applicant had failed to provide a copy of said article. Furthermore, the Examiner 
asserts that the polyaniline polymer in Hayashi et al. relates to ion-conductivity 
especially in consideration of applicant's definition of an ion-conducting polymer as one 
which can dissolve lithium salts. In Hayashi et al. a lithium salt sulfonic-acid anion 
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complex is easily permeated into the polymer active material. Hayashi also teaches a 
criticality of the weight percentage of the active material, "[m]ore than 98wt%, there is a 
problem in respect of binding capacity or ion conductivity". 

Support of Applicant's Previous Argument Regarding Havashi et al. 

As requested, the Applicant submits the copy of A.G. MacDiarmid et al., Mol. 
Cryst.Liq.Cryst. pages 121 and 173, which states polyaniline "has been synthesized in 
various forms both chemically and electrochemically in aqueous media". Clearly, 
conductivity of polyaniline as disclosed in Hayashi et al. relates to electronic 
conductivity . Furthermore, in Hayashi et al., (1) the conductive material such as 
polyaniline and the active material such as vanadium oxide are mixed with and 
dispersed in solvent; (2) this coating solution is applied/coated on a current collecting 
member; and (3) the coating solution is dried out to form an electrode. Here, both 
polyaniline and vanadium oxide are used as active materials and are not used for ion- 
migration. 

Amendment 

By these amendments, the Applicant limited the ion-conducting polymer as a 
polymer that is able to dissolve at least the lithium salts at a concentration of at least 
0.1 M (mol/l) and shows an electrical conductivity of 10" 8 S (siemens)/cm at room 
temperature when dissolved with the lithium salts at a concentration of at least 0.1 M. 
These amendments are clearly supported by the original description in the specification, 
and more particularly, e.g., between lines 10-13 on page 12 of the original specification. 
No new matter has been added. 

Declared Experiment 

Advantages of employing this type of polymer coated on the surface of the 
powdered electrode active material is to shift the critical point at which thermal runaway 
occurs to a high temperature side. No conventional art, including Hayashi et al., 
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teaches or suggests these limitations. In order to prove the advantages, the Applicant 
herewith provided a declared experiment. Please examine the following experiment 
results. 



Definition of Overcharging 

Although UC0O2 itself is a stable material, it becomes unstable when the 
number of Li atoms in the molecular formula is equal to or less than 0.5, thereby 
categorized as an overcharging state. It is known to explodingly generate heat or burn 
when exposed to a high temperature atmosphere. 

(1) A general equation expressing the reaction on a positive electrode of the lithium 
ion battery is: 

charging 

LJC0O2 < > Li(i-x)Co02 + xLi + xe- 

discharging 

(2) A following equation expresses the reaction of a fully charged lithium ion battery 
sold in a today's market: 

charging 

U0.5C0O2 U0.5C0O2 + 0.5Li + 0.5e- 

discharging 

Experiment A (ion-conducting polymer coating) 

The electrode was prepared according to Example 4 (positive electrode) and 
Example 6 (negative electrode), and the sample battery was made according to Q) 
Charging/discharging tests on page 29. As the supporting electrolyte salt 1M LiBF4 in a 
1:1 volumetric mixture of ethylenecarbonate and diethylenecabonate as the 
nonaqueous solvent was used. The sample battery was fully charged where the active 
material in the positive electrode was U0.5C0O2. 

Comparative Example B (polyvinylidene fluoride) 

The electrode was prepared according to Comparative Example 1 (positive 
electrode) and Comparative Example 2 (negative electrode), and the sample battery 
was made according to (j) Charging/discharging tests on page 29. As the supporting 
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electrolyte salt 1M LiBF4 in a 1:1 volumetric mixture of ethylenecarbonate and 
diethylenecabonate as the nonaqueous solvent was used. The sample battery was fully 
charged where the active material in the positive electrode was U0.5C0O2. 

Measuring Method 
The fully charged battery was decomposed under argon atmosphere to extract 
the positive electrode active material (U0.5C0O2). The extracted positive electrode 
active material was filled in a sealable aluminum test container to perform differential 
scanning calorimetery (DSC). Temperature was increased at 10./min to 400.. The 
following graph shows the heat flow measurement which shows some heat peaks after 
250 . Therese are points at which thermal runaway occurs. This measurement was 
performed using a differential scanning calorimetry (Seiko Instruments Company 
Limited). 

Results 

The following graph shows the thermo runaway reaction of Comparative 
Example B using polyvinylidene fluoride (PVdF) at 252. while the thermo runaway 
reaction of Experiment A using the ion-conducting polymer coating went up to 302.. 
Z.Zhang et al. explains about the experiment of measuring the thermo runaway point 
with respect to LiCo02 (normal state) and U0.014C0O2 (thermo runaway point). 
Z.Zhang et al. J.Power Source, 70, 16(1998) (which is attached hereto). Z.Zhang et al. 
using PVdF shows the thermo runaway point approximately equal to Comparative 
Example B of this experiment. Accordingly, using the type of polymer in the present 
invention gives significant advantages over conventional arts by offering stability and 
safety. 
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REJECTION UNDER 35 U.S.C. 102 (Bai et al.) 
Examiner's Rejection Regarding Claims 1-5 and 11-13 

The Examiner rejected Claims 1-5 and 11-13 under 35 U.S.C. § 102(b) as being 
anticipated by Bai et al. (US5744258). However, Bai et al. does not teach or suggest 
the limitation regarding the ion-conducting polymer as amended in this action. 
Therefore, the rejection on this ground should be removed. 



REJECTION UNDER 35 U.S.C. 102/103 REGARDING CLAIMS 6-10 (Havashi et al.) 



The Examiner rejected Claims 6-10 under 35 U.S.C. 102 or 103 as being 



anticipated by Hayashi et al. as applied to claims 1-5. However, Hayashi et al. does not 
teach or suggest the limitation regarding the ion-conducting polymer as amended in this 
action. Therefore, the rejection on this ground should be removed. 



CONCLUSION 



No cited reference discloses or suggests the ion-conducting polymer dissolves at 
least the lithium salts at a concentration of at least 0.1M (mol/l) and shows an electrical 
conductivity of 10" 8 S (siemens)/cm at room temperature when dissolved with the 
lithium salts at a concentration of at least 0.1 M. The advantages of employing this 
polymer is supported by the current specification and the above experiment. No new 
matter has been added. 

Accordingly, it is respectfully submitted that claims 1-13 define the invention over 
the prior arts and notice to this effect is respectfully solicited. 

Should Examiner believe further discussion regarding the above claimed 
language would expedite prosecution he is invited to contact the undersigned at the 
number listed below. 



Apex Juris, pile 

13194 Edgewater Lane Northeast 
Seattle, Washington, 98125 
Email: tracy@apexjuris.com 
Phone (206)664-0314 
Fax (206)664-0329 




By: 

Tr^cy M: Heims 
Reg. No. 53,010 
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Abstract 

Differential scanning calorimetry (DSC) has been demonstrated to be a useful means of studying the reactivity of materials used in 
lithium-ion cells. In the present study, the reactivity of three most commonly used transition metal oxides, i.e. Li,NiO-,, Li r CoO,, 
Li v Mn : 0 4 , in the presence of electrolyte were investigated by DSC. The most commonly used negative electrode material/ carbon 
<Li .r C ft> wa * also studied. In the paper, relative levels of reactivity of the materials as a function of stoichiometry are reported. The 
implications of the results on the safety of lithium-ion cells are discussed. © 1998 Elsevier Science S.A. 

Keywords: Uihium-ion batteries: Safely; Differential scanning calorimetry: Reactivity 



1. Introduction 

Lithium-ion technology using lithium transition metal 
oxide positives and carbon negatives is rapidly becoming 
the state-of-the-art rechargeable battery technology. A 
unique combination of high voltage,, high energy density, 
excellent cycle life and moderate rate capability has made 
the Li-ion cell one of the leading power sources for a wide 
range of portable electronics applications [\]. The technol- 
ogy also shows promise for eventual electric-vehicle appli- 
cations. 

Although the replacement of metallic Li with carbon 
intercalation negatives significantly improved the safety of 
secondary Li cells, some concerns remain, particularly in 
view of recent problems in the field [2], Li-ion cells are not 
immune to safety incidents since their thermal stability 
limits are finite. We have found that cells deliberately 
heated to high temperatures eventually undergo a thermal 
runaway reaction, producing very high cell temperatures, 
smoke and even fire [3]. This implies that under abusive 
conditions, the potential exists to heal a cell beyond its 
thermal stability limit, initialing the runaway reaction and 
producing a safety incident. To date ? safety engineering 
has played a key role in mitigating potential safety prob- 
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lems. Techniques such as precise charge control, internal 
fusing and over-pressure disconnect devices have been 
quite successful in achieving battery safety. 

From a materials point of view, the safety character- 
istics intrinsically depend on the stoichiometry of the metal 
oxide electrodes and carbon electrodes (x in Li v Ni0 2 and 
Li r C 6 for example). The x values in the three most 
commonly used metal oxide materials, i.e. Li f Ni0 2 , 
Li r Co0 2 and Li T Mn 2 0 4 , have been found to have signifi- 
cant impact on their thermal stability at high temperatures. 
Thermal gravity analysis (TGA) studies of electrolyte- free 
Li r Ni0 2 , Li t Co0 2 and A-Mn0 2 samples have been re- 
ported [4], where small .t values encouraged the decompo- 
sition of the active materials with the liberation of 0 2 . 
Even though the carbon intercalation electrode is much 
safer than Li metal [5], it still can react with the electrolyte 
and generate heat under abusive conditions, especially for 
large x values in Li r C 6 . 

In practical cell operation, both the positive and nega- 
tive electrode will undergo reactions with the electrolyte if 
the cell is abused. Although many companies have re- 
ported results of cell safety evaluations, data on the anode 
and cathode intrinsic safety properties, and their reaction 
mechanisms with the electrolyte have been sparse. Because 
of the exothermic nature of the reactions, differential scan- 
ning calorimetry (DSC) offers a convenient means of 
studying the reaction rates and mechanisms under con- 
trolled conditions. With this technique, samples are heated 
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ai a controlled rate, and the heat flow to or from the 
sample is measured. By comparing heat flow rates, onset 
temperatures and total heat generation, the effects of vari- 
ables such as electrode materials, stoichiometry and elec- 
trolyte compositions on cell safety can be readily studied. 

The present DSC investigation deals with the intrinsic 
reactivity of Li,Ni0 2 , Li,Co0 2t Li r Mn 2 0 4 , and Li r C fi at 
different .t values in the presence of the electrolyte. The 
understanding of such reactions is essentia) in the design 
of safe, high performance Li -ion cells. 

2. Experimental 

LiNiO z was obtained from FMC, LiCo0 2 from Fuji 
and LiMn 2 O a from Chemetals. The MCMB25-28 (meso- 
carbon microbeads, average particle size of 25 p-m, graph i- 
tized at 2800 °C) carbon material was purchased from 
Osaka Gas. Electrodes were made by slurry -coating on 
aluminium or copper substrates. All electrodes used poly- 
vinylidene fluoride (PVDF) binder (Elf Atochem). Unless 
noted otherwise, the electrolyte used in the study was 1.0 
M LiPF 6 (Hashimoto) in ethylene carbon ate/di methyl car- 
bonate (EC/DMC) (1:1 by volume). Both EC and DMC 
were obtained from Grant Chemical. 

Sample preparation initially consisted of de-intercala- 
tion of LiNiO z , LiCo0 2 , or LiMn 2 0 4 electrodes, or inter- 
calation of carbon electrodes. This was carried out in 2325 
coin cell hardware using an Li metal foil as the counter 
electrode at a current density of 0.1 mA/cm 2 . The cells 
were either charged (metal oxide samples) or discharged 
(carbon samples) to a predetermined capacity to achieve 
the desired stoichiometry for the materials under study. 
Voltage cutoffs were also used (5.0 V for cathode materi- 
als, 0.01 V for anode materials) to ensure that only interca- 
lation reactions occurred during the sample preparation. 

The coin cells were then transferred to a glove box 
containing an argon atmosphere, and opened. About 0.5- 
1.5 mg of the active materials of interest was taken, placed 
in aluminum DSC cells and hermetically sealed by crimp- 
ing. The Li metal and separator were discarded. Unless 
otherwise noted, all the lithiated oxide samples had 16-26 
wt.% electrolyte and the carbon samples had ~ 30 wt.% 
electrolyte. All DSC calculations were based on the overall 
weight of the sample. The DSC experiments were carried 
out on a Model DSC 10 differential scanning calorimeter 
(TA Instruments) at a ramp rate of 10 c C/min. The 
temperature range utilized was from room temperature to 
400 °C. Exothermic and endothermic reactions as a func- 
tion of the* temperature were plotted as positive and nega- 
tive heat flow, respectively. 

3. Results and discussion 

The stoichiometric values of lithium nickelate, cobal- 
tate, manganate and MCMB25-28 carbon covered in the 



Table I 



Summary of material stoichiometry values for DSC tests, x values in the 
indicated compounds 



Material 


Test 1 


Test 2 


Test 3 


Test 4 


Test 5 


Test 6 


Li r Ni0 2 


1.0 


0.75 


0.45 


035 


0.25 


0.05 


Li T Co0 2 


1.0 


0.75 


0.45 


0.35 


0.25 


0.014 




1.0 


0.46 


0.20 


0.11 . 






Li,C 6 


0 


0.23 


0.46 


0.91 







present studies are summarized in Table I. Fig. 1 shows 
the DSC curves of Li_ r Ni0 2 plus the electrolyte for x 
values of 1.0 to 0.05. The LiNi0 2 was quite stable over the 
entire temperature range, and only a small endothermic 
peak from 250 to 280 °C was observed. This appeared to 
be due to electrolyte endothermic reactions. Scans on solid 
LiPF 6 and the electrolyte both produced endothermic peaks 
in this temperature range. As the jc values of the Li ( Ni0 2 
decreased, a gradual increase in reactivity was observed. A 
highly exothermic reaction occurred with x 0.25 having 
an onset temperature around 200 °C. To determine if the 
reaction was the result of oxidation reactions between the 
delithiated nickel material and the electrolyte rather than a 
simple decomposition of the Li^NiOj material, a sample 
of Li 02 5NiO 2 was washed several times in DMC and 
vacuum-dried prior to analysis. Fig. 2 compares Li 0 25 NiO 2 
with and without the washing/vacuum-drying procedure. 
It can be seen that the washing/vacuum-drying procedure 
reduced the exothermic energy significantly, from 1256 to 
146 J/g. When electrolyte was reintroduced to the sample, 
the reactivity returned to its original value, confirming that 
the electrolyte was involved in the reaction. When 
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Fig. I. DSC curves forLi,Ni0 2 plus electrolyte. 
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t * 



1 o- 



As-prepared Li a2$ Ni0 3 



Washed/Dried Li Q „NiO, 

* 



0 SO 100 150 200 250 300 350 400 

Temperature, °C 

Fig. 2. DSC curves comparing Li 0 „Ni0 2 with and without a 
washing/vacuum-drying procedure to remove electrolyte. 



EC/DMC solvent mixture was reintroduced to dried sam- 
ples, the reactivity returned, but at a somewhat lower Jevel, 
suggesting that both the solvents and the salt were in- 
volved in the reactions. Further work will be necessary to 
quantify their relative contributions. 

Fig. 3 shows the results of similar experiments with 
Li r Co0 2 plus electrolyte. The onset temperature of the 
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Fig. 3. DSC curves for Li ,Co0 2 plus elecirolyte. 
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Fig. 4. DSC curves for Li, Mn 2 Oj plus electrolyte. 



major exothermic peak was about 230 °C, slightly higher 
than that of Li r Ni0 2 . Split exothermic peaks were gener- 
ally observed, suggesting possible slower reaction kinetics. 
In general, the thermal characteristics of LixCo0 2 plus 
electrolyte were similar to Li t Ni0 2 but with somewhat 
lower reactivity. 

Fig. 4 shows similar DSC curves for Li r Mn 2 0 4 plus 
electrolyte. LiMn 2 0 4 exhibited some reaction with the 
electrolyte starting at about 250 °C Two peaks between 
250 and 300 °C were observed. For Li 02 Mn 2 O 4 , the onset 
temperature shifted to a lower temperature of 225 °C and 
an additional peak starting at 325 °C was also observed. 

The overall heat generation under the exothermic peaks 
is a direct indication of the reactivity between the active 
materials and the electrolyte. Fig. 5 summarizes the data as 
a function of charge capacity. It shows that highly delithi- 
ated Li r Ni0 2 was the most reactive material. Li :r Co0 2 
was slightly Jess reactive than Li x Ni0 2 , while the reactiv- 
ity of Li r Mn 2 0 4 was the lowest and the least sensitive to 
changes in x. The nearly linear increase in reaction energy 
as a function of the charging states of the oxide materials 
suggests that the reaction amplitude depends on the avail- 
able M 4 + , particularly where M = Ni or Co, and that 
Mn 4+ exhibits less oxidation capability relative to the 
others. Although Li r Ni0 2 and Li,Co0 2 can be charged to 
low x values and produce high cell capacities, the results 
here suggest that this will result in a significant penalty in 
overall cell safety. 

Fig. 6 shows typical DSC curves for MCMB25-28 
carbon plus electrolyte. The unintercalated sample showed 
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Fig. 5. Overall heat generation of Ihe three lithium transition metal oxides 
as a function of charge capacity. 

only the electrolyte endoihermic peak at about 270 °C, 
which was also observed for LiNi0 2 and LiCo0 2 .. After 
charging to a capacity of 85 mAh/g (Li 023 C 6 ), 170 
mAh/g (Li 046 C fi ) and 340 mAh/g (Li 09l C 6 ) t all these 
intercalated samples exhibited a small exothermic reaction 
with a low onset temperature of about 130 °C. However, 
the heat associated with these peaks was small (44, 26 and 
41 J/g, respectively, for this series), and independent of 
the x values in Li t C 6 . Over many experiments, the maxi- 
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Fig. 6. DSC curves for Li t C 6 plus electrolyte. 
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Fig. 7. DSC curves comparing Li n9t C 6 with and without a 
washing/vacuum-drying procedure lo remove electrolyte. 



mum value observed was 120 J/g. The data suggest that 
these peaks were therefore related to the surface passiva- 
tion of the lithjated carbon materials. With all the Li-inter- 
calated samples, a second broad peak was observed start- 
ing at 230 °C and the reaction heal increased as x in- 
creased. This peak appeared to be superimposed with the 
electrolyte endothermic peak and, thus, the resulting net 
heat generation was not very high. For example, the 
integrated heat for the fully intercalated sample Li 09 ,C 6 
was about 360 J/g compared with a maximum of 1600 
J/g for the Li r Ni0 2 samples. The exothermic peaks for 
the carbon samples were also broader, spanning a 100 °C 
range (a 10 min interval). This relatively slow reaction 
might be related to slow diffusion of Li out of. the 
MCMB25-28 lattice. 

Fig. 7 compares Li 09 ,C 6 with and without the wash- 
ing/vacuum-drying procedure. The peak at 130 °C disap- 
peared after the washing/vacuum-drying procedure (and 
came back after reintroducing electrolyte), but the higher 
temperature peak remained and increased somewhat in 
magnitude. The increase may have been due to the absence 
of the electrolyte endothermic decomposition and evapora- 
tion. Very recent DSC data have indicated that the high 
temperature peak may be the result of reactions between 
the PVDF binder and Li. 



4. Conclusions 

DSC has proven to be a useful technique to study the 
reactivity of active materials used in Li-ion cells. The 
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present study indicated significant exotherrhic reaction be- 
tween commonly used cathode materials and electrolytes. 
The reactions appeared to be due to contributions from the 
solvents, and possibly the salt. Both Li r Ni0 2 and Li,Co0 2 
exhibited strong reactivity with onset temperatures in the 
200 to 230 °C range as x was decreased, suggesting that 
control of the .stoichiometry of these materials is very 
important for achieving system safety. In contrast, 
Li ( Mn 2 0 4 reaction occurred at about 225 °C with less 
energy and less sensitivity to changes in jc. Li-intercalated 
carbon in the presence of electrolyte produced DSC 
exotherms in two temperature ranges. The first was a low 
energy peak with onset temperature at approximately 130 
°C, which appeared to be due to surface passivation of the 
lithiated carbon materials. The second peak started at about 
230 e C and may have involved the PVDF binder material 
of the electrodes. Further work is underway to determine 
the mechanisms responsible for the exothermic reactions 
for both the cathode and the anode materials- Data of this 
nature are invaluable in the design of safe, high energy 
density electrochemical systems. 
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Abstract "Polyaniline" has been synthesized in various 
forms both chemically and el ec t r o c h esi^ally. in aqueous 
media. The quinoid-benzenoid-diimine form, an insulator, 
is doped by dilute aqueous protonic acids to the metallic 
regime (a = 5 ohm-icm" 1 ; compressed pellet) to give the 
corresponding iminium salt. This represents a new type 
of p-doping phenomenon in a conducting polymer. Both these 
forms are stable in the presence of air and/or water. The 
doping process is reversed by treatment with aqueous alkali. 
Cyclic voltammetry studies in an a^uem^el^ show 
excellent reversibility between selected reduced and oxidized 
forms of polyaniline. 



INTRODUCTION 

"Polyaniline" has been described in many papers 1 during the past 
approximately 100 years in various, usually ill-defined forms such 
as "aniline black", "emeraldine" , "nigraniline" , etc., synthesized 
by the chemical or electrochemical oxidation of aniline, ^CgH^N^- 
The present study involves an investigation of some of the different 
forms in which polyaniline may exist and also its novel p-doping 
to the metallic regime by a simple acid/base reaction involving no 
formal oxidation of the polymer. 



CONSTITUTION OF POLYANILINE 

We believe polyaniline can be prepared in the four idealized forms 
given below, at least when its synthesis and any subsequent treat- 
ment are carried out in aqueous media. The polymers in the left- 
hand column are considered as being derived from the amine, 1A 
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(A = amine), and are hence designated (in increasing degree of 
oxidation) as 1A and 2A. 

FREE AMINE FORM AMMONIUM SALT FORM 

INSULATING INSULATING 
OXIDIZE | | REOUCE OXIDIZE j |rEOUCE 

INSULATING METALLIC 

These forms may be interconverted at will by chemical and/or 
Sectrochemica^ oxidation or reduction. The chemical or electro- 
chemical oxidation of 1A to 2A involves the reaction:. 

1A + 2A + 2H+ + 2e- (l) 

The aerials in the right-^nd column are regarded as 
rived from the ammonium salt, IS IS - saw, ™» 

nated (in increasing degree of oxid ationl^s 1 S and 2 forms 
may also be interconverted at will by cnemicaj. <u. / 

^^re^n^eleolrocn^cai studies suggest that it -T 

3S i.e. to [( = (C 6 H u )=H-tC 6 H^)-N-; ™ 3S forms must 

vy+D + A7 \ respectively. Tftese ;$a ana o 
IUH;-J A (y+l).x . ; . A „_ have been characterized. 

^ StS'S^SS.^: S ^ K Averted to a given "8" 
form,\!g ^Treatment viih an aqueous P'f-^VSat ng 

&,«^«^^=r5r'r f rm r^rSted 

first N atom is expected to be easier than protonation of the 

Form 2A is of particular interest since, lite CH) X , it 
appears to have a degenerate ground state, (a) and (b) , viz . , 

(kd=n-o*|x~ (<>- n "<> , 4~ (p^o4 

(a) M 
and hence it might exhibit defect states in the form of solitons. 
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SYNTHESIS OF POLYANILINE 

In the present investigation polyaniline was synthesized chemically 
as a dark blue/black powder, [ (^(CgH^ )=N-(C6%)-N(h) = ) + C1~] x , (form 
2S) by treating a I molar solution of aqueous HC1 containing dis- 
solved aniline, with the oxidizing agent ammonium peroxydisulfate , 
(NHi f )2S2Q8» Protonation was completed by washing the powder with 
1 molar aqueous HC1 followed by drying under a dynamic vacuum 
( — 10 microns) at room temperature for several days to remove water 
and HC1. After this time the conductivity (compressed pellet; four 
probe) had decreased to a constant value of ~ 5 ohm" 1 cm" 1 . Ele- 
mental analysis of several samples (e.g., %C + %E + %N + %C1 = 
97-5%; 0%S) showed that a maximum of one HC1 combined with each 
monomer repeat unit (containing two N atoms). Nonvolatile acids 
such as H2SOI1 should not be used in any stage in the synthesis 
as a substitute for HC1 since upon removal of the water under 
vacuum a thin film of concentrated I^SOij. will remain on the 
particles of the powder. 

The 2S form can be converted to the 2A form, a dark purple/ 
black powder exhibiting a copper glint ( a , 2 probe of compressed 
copper-colored pellet, ^ 10" 11 ohm" 1 cm" 1 ) by stirring with a 0.5 
molar solution of KOH in a water /methanol mixture followed by 
washing with a water /methanol mixture and drying under a dynamic 
vacuum. Elemental analysis shows that essentially all the HC1 is 
removed by this procedure. For example, in one preparation only 
O.OU mole of HC1 remained for every mole of monomer repeat unit 
(%C + %H + %N + %Q1 = 97-37%; S, "trace"). 

Excellent cohesive dark green films of form 2S (containing 
fluoroborate anion) were synthesized electrochemically on Pt foil 
in 5 ml of U8% aqueous HBFlj. containing 1 ml of aniline and 10ml of 
distilled water. Successive increments of 0.05V were applied be- 
tween two Pt electrodes (each 1 cm^; 1 cm apart) until a potential 
of 0.7 5V was reached. The current was not permitted to rise above 
1 mA. The potential was then held at this value (anode potential 
0.7 2V vs. SCE, NaCl salt bridge) for 20 hours and the anode on 
which the film (ca. 3 mg. ) had been deposited was washed with 16% 
aqueous HBFl| and dried under dynamic vacuum. Free standing films 
can be prepared using a conducting glass anode. The I/R spectra 
of the chemically and electrochemically synthesized forms of 2S 
were identical except for differences attributed to the different 
anions. 

Form 2A may be reduced to form 1A chemically by a reducing 
agent such as hydrazine, N2H^, or electrochemically at a potential 
of 0.8v (vs. Zn + 2/Zn). The electrochemically prepared 1A exists 
as a very pale yellow, semi transparent thin film. 

PR0T0NIC ACID DOPING 



The. conventional method of p-doping (oxidizing) an organic polymer 
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involves removal of electrons fro, the pi system of the polymer by 
chemical or electrochemical oxidation: 



(2) 
(3) 



(polymer) * ( polymer) + Y + ye" 
e.g. (CH) X + (l.5xy)l 2 ♦ KCH) + y(l5) y l x 

in Principle it should he ^^^^ ^^^^ 
Z^:,ZT^^l extant increase in conductivity 
of the polymer: 

(polymer) + yH + * (polymerH y ) + y 
(hase) (acid) (salt) 

This is a simple acid/base interaction, in which no formal oxida- 
ti0n We h^found^^hen form 2 A is washed with an aqueous 

pr oton e ic h :rid f :uch as HC i or hb FU ±t r^i: 

metal transition involving an increase m conductivity o 
(form 2A; 

• ^afliiv reversed by treatment with aqueous base. 
This transition is readily reversed oy o 2A t the 

The extreme sensitivity of the J 1 ™** ^J^ated is 

pH of the aqueous HCI solution with which it is equilior 

illustrated in Figure 1. 
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7D 60 5.0 4.0 3.0 2.0 1.0 0.0 -1.0 
EQUILIBRIUM pH OF AQUEOUS HCI 

FIGURE 1 Relationship between the final (^uilibrium) P H 
of the aqueous HCI with ^hlch polyanxlxne (form ^2A) 

ZrTffi S? ihe T^TIZ rtng^reSing Absorb- 
ance, (0), of the dried powder. 
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Each data point gives the conductivity of a - 250 mg sample of 
form 2A after it had been stirred with 500 ml of aqueous HC1 of 
various selected concentrations. After 55 hours the pH of the 
solution was measured, the resulting polyaniline powder was 
dried under dynamic vacuum for 2k-7 2 hours and its conductivity, 
I/R spectra and elemental composition were determined. 

The relationship between the conductivity . of selected samples 
and the percent doping is given in Figure 2. Since each HC1 
molecule which reacts with form 2A is associated with a CI" ion, 
the (C1:N ratio) •lOO will represent the percent of the N atoms 
which are protonated, i.e. will represent the percent doping. 
The curve given in Figure 2 is characteristic of conventional 
doping of a conducting polymer, i.e., the conductivity rises rapidly 
at the beginning of the doping process and then shows little change 
even though the polymer becomes more highly doped. 




2 inHOt i i I L_ L_ 

8 O 10 20 30 40 50 60 

DOPING PERCENTAGE (%) 



FIGURE 2 Relationship between the conductivity of polyani- 
line (form 2A) and percentage of protonation, i.e. percentage 
doping. 

Also shown in Figure 1 is the change in the frequency of the 
I/R (CgHi^) ring breathing absorbance. As can be seen, the frequen- 
cy of this absorbance decreases as the conductivity increases. If 
the proton should interact and partly depopulate the pi system, of 
the polymer the frequency of this mode may decrease with increasing 
protonation since the C-C bond order (and hence, force constant) 
in the (C6HJ+) ring decreases with decreasing population of the bonding 
pi orbitals. As can be seen from the classical resonance forms of 
form 2S given below, it is to be expected that positive charge 
will be transferred in part from the N to the pi system of the 
(C6Hl|) rings. This will result in a partial derealization of 
positive charge along the polymer chain. The charge will naturally 
be pinned close to the anion, A~ and delocalization will become 
less extensive as the distance from the N + atom increases. 
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X 

t 

ELECTROCHEMISTRY 

In order to obtain a more complete understanding of the oxidation/ 

U.OM ZnSo + 0.5M NH U C1) has a P H ~ U. At this P H as can he seen 
from Figure 1, the poiyaniline will exist predomxnant In the A 
form Potentials vs. the normal hydrogen electrode, NHE, may be 
Gained by subtracting 0.T6V from the experimental values observed 
vs. the Zn reference electrode. 
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FTPHRF ^ Five cyclic voltammograms between 0.50V and 2.0V 
"ec) of ^lyLiline in (l.OM ZnCl 2 ♦ 0.5M 0^1, pH ~ »> 
vs. Zn +2 /Zn reference electrode. 
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It should be noted that good cyclic voltammograms are usually ob- 
tained more readily with thin films than with powders. The cyclic 
voltammograms described here cannot, therefore, be correlated 
exactly with a given form of the chemically synthesized polyaniline 
described above. 

In the oxidation cycle the pale yellow form 1A is characteriz- 
ed by a potential of ^ 0.50V; a dark green form, possibly form 2A, 
by a peak potential at 1.10V and a dark blue form, possibly form 
3A, by the potential at I.58V. It is possible that the dark blue 
material characterized by the peak at I.58V might actually be 
form 2A and the dark green material characterized by the peak at 
1.10V might merely be partly oxidized form 1A. However, until the 
nature of the peak at I.58V is clarified, the peak at 1.10V will 
be assumed to be characteristic of form 2A. It should be stressed 
that the cyclic voltammograms are very sensitive to changes in the 
pH of the electrolyte. The cyclic voltammograms discussed here 
are not necessarily characteristic of polyaniline in electrolytes 
other than that used in these studies. 

In view of the less than ideal reversibility of the above redox 
processes a second set of cyclic voltammograms were obtained under 
identical experimental conditions using an identical film of poly- 
aniline except that the oxidation step was arbitrarily terminated 
at 1.U0V. These are shown in Figure U. 



FORM 2A 





0.6 
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I 1.0 1.2 
VOLTAGE (V) 
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FIGURE k Fifty cyclic voltammograms between 0.50V and l.^OV, 
(5mV/sec) of polyaniline in (l.OM ZnCl 2 + 0.5M NH^Cl; pH - U) 
vs. Zn+2/Zn reference electrode. 
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It can be seen that excellent reversibility is obtained under 
these conditions, the coulombic capacity decreasing to only 99. IA 
after the 50th cycle. These observations are of importance in our 
battery studies described elsewhere. 



CONCLUSIONS 



It is apparent that the diverse forms in which polyaniline may be 
synthesized and interconverted results in this material having 
a potentially large and rich chemistry, electrochemistry and 
physics. The novel protonic acid doping of the quinoid ben- 
zenoid diimine form of polyaniline to the metallic regime is of 
particular experimental and theoretical interest. 
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